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SOME CONSIDERATIONS ON THE STRUCTURE AND RADIATION 
CHEMISTRY OF WATER 

Robert Schi l le r  and Is tvan Kiss 

ABSTRACT. The var ia t ion  i n  t h e  yield of rad io ly t ic  products 
with higher ranges of concentration and with the  temperature 
unexplained as yet by t h e  rad ica l  d i f fus ion  theory i s  dis- 
cussed. 
features of water, both the  temperature dependence of t h e  
r ad ica l  yield and the  concentration dependence of H2 pro- 
duction i n  t h e  e n t i r e  range of concentration can be in te r -  
preted.  The r e s u l t s  predicted from t h e  relat ionships  thus 
established agree t o  orders of magnitude with t h e  measured 
temperature coef f ic ien ts  of r ad ica l  yields. 
problems concerning t h e  scope of t h e  r ad ica l  d i f fus ion  
model are considered. 

It i s  shown that by considering some s t r u c t u r a l  

Final ly  some 

The yield of t h e  products of t h e  radiolysis  of aqueous solutions i s  affected 
by t h e  temperature and, i n  t h e  case of higher concentrations, a l so  by the  con- 
cent ra t ion  of t he  solut ion i n  a manner not yet c l a r i f i e d  on the  basis of t he  
theory of r ad ica l  diffusion. 
t i o n  of t h e  pecu l i a r i t i e s  of t h e  water s t ructure ,  both t h e  temperature dependence 
of t h e  yields of rad ica ls  ard t h e  concentration dependence of t h e  H2 yield can 
be in te rpre ted  over t h e  e n t i r e  concentration range. The calculations made on 
t h e  basis of t h e  relat ionship established and t h e  measured values of t he  tem- 
perature  coefficients of t h e  y ie lds  of rad ica ls  show agreement within one order 
of magnitude. 
of t h e  theory of r ad ica l  diffusion. 

We intend t o  demonstrate here tha t ,  by considera- 

Indications are given as t o  some problems of t he  va l id i ty  limit 

1. Introduction 

Substant ia l ly ,  t h e  theory of rad ica l  diffusion yields a correct quantita- 
t i v e  descr ip t ion  of t he  rad ia t ive  chemical processes taking place i n  aqueous 
solut ions,  but i n  i t s  o r ig ina l  form i t  is unsuitable f o r  explaining some phe- 
nomena. 
t i o n  is given by the  theory, i n  agreement with experience only i f  parameter 
values are chosen t h a t  are not s a t i s f ac to r i ly  substantiated by t h e  pl-qysical 
i n t e r p r e t a t i o n  serving as t h e  basis f o r  t h e  theory (Ref .1). 
t h e  concentration dependence of t h e  molecular H2 yield a l so  cannot be interpreted 
by t h e  theory over t he  e n t i r e  concentration range (Ref .2). In  one of our earlier 
works (Ref  .3, 4), we demonstrated that a physically reasonable change can be 

The ef fec t  of pH, temperature, isotope composition, and phase t rans i -  

- 
On the  other hand, 

Numbers i n  t h e  margin ind ica te  pagination i n  the  foreign text. 
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performed on this model, by which - while re ta ining the basic concept unchanged 
- the  influence of the var ia t ion  i n  pH on the  primary processes can be in te r -  
preted. I n  this work, attempts have been made t o  fur ther  develop the  model used 
as a basis of t he  r ad ica l  diffusion theory i n  such a manner a s  t o  render it a lso  
suitable f o r  an in te rpre ta t ion  of t he  effect  of the  temperature and of t he  con- 
centrat ion dependence of the  Ha y ie ld .  
caused by phase t r ans i t i on  W i l l  be t rea ted  as empirical data.  
judgment concerning the  basic hypotheses of t he  r ad ica l  diffusion theory i s  
given b r i e f ly  at  the  end of our  paper, but t he  considerations touched upon i n  
the  first pa r t  of our a r t i c l e  remain included i n  the  f i e l d  of the  r ad ica l  diffu- 
s ion theory. 

I n  this study, t he  var ia t ions i n  yield 
The general 

2. Summary of some Ekperimental Results /176 
The r e su l t s  t o  be interpreted will be discussed br ie f ly ,  together With 

those used only i n  our  calculations.  

Concentration daendence of the  molecular H, yield.  I n  d i l u t e  solutions,  
G(H2) decreases l i nea r ly  with t h e  cube root of t he  a c t i v i t y  of the  solute .  
According t o  measurements by Mahlman (Ref .6) ,  this s t r a igh t  l i n e  shows a r e l a  
t i v e l y  sharp break i n  case of an ac t iv i ty  of about 0.71 of t he  solut ion and 
then continues i n  a s t r a igh t  l i n e  of a more shallow slope. 
pendence i n  the  case of y- i r radiat ion can be exqected on t h e  basis of t he  r ad ica l  

The cube root de- 

d i f fus ion  theory (Ref .7, 2), but t h e  similar dependence occurr i  
of high concentration cannot be explained by the  o r ig ina l  model 

Effect of pH on the  primam yields. The yields  of rad ica ls  and the  net 
water decomposition yield increase at decreasing pH e f fec t .  
theory of r ad ica l  diffusion, this corresponds t o  a s t ead i ly  less compact in i t ia l  
r ad ica l  d i s t r ibu t ion  a t  decreasing pH. 
(Ref .3) that the  electron capture of the H,O+ ions loosens t h e  c lus te rs .  

According t o  the 

As an explanation, i t  was assumed 

Effect  of temera ture .  The yield of the molecular decomposition products 
of water decreases with increasing temperature, and t h e  r ad ica l  f ie lds  increase 
(Ref .5). 
i s  expected because the  r i s ing  temperature causes the  constants of both the  re- 
ac t ion  r a t e  and diffusion t o  increase, and these exert an opposite e f f ec t  on the  
y ie lds  

On the  basis of t he  r ad ica l  diffusion theory, no temperature e f fec t  

Radical yields i n  i r rad ia ted  i ce .  For i c e  i r rad ia ted  a t  4.2'K, a paramag- 
ne t i c  resonance spectrum character is t ic  of both the  H atoms and the  OH radicals  
has been demonstrated. The two radicals a re  formed with an a p p r o h a t e l y  equal 
y i e ld  being G, = 0.9, Go, = 0.8 radicals/100 ev (Ref .8). 
H atoms are no longer s t ab le  above 4.2'K, but i n  frozen acid solut ions they are 
i d e n t i f i a b l e  a l so  a t  77'K (Ref .9) 
t i o n s  at  4.2'K are known as  yet.  

I n  neut ra l  i ce ,  t he  

Unfortunately, no measurements i n  acid solu- 

3 -  Determination of Yields of Radicals i n  Water with a Structure 

According t o  the  theory of radical diffusion, water i s  a disordered 
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molecular c lus te r  i n  which there  are no pronounced direct ions,  and no order can 
be detected i n  it even over short  distances. In  r ea l i t y ,  however, water has a 
de f in i t e  s t ructure ,  and only by considering this s t ruc ture  can most propert ies  
of water be interpreted.  Therefore, it seems t o  be highly probable that this 
s t ruc ture  plays a pa r t  a l so  i n  the  mechanism of rad io ly t ic  processes taking 
place i n  water. 

invest igat ions on the  detect ion of the water s t ructure  can be found i n  the  
Several detai led summaries of the extensive theo re t i ca l  and experimental 

m 
l i t e r a t u r e  (Ref.10, 11, 12). 
i n t e r e s t  t o  us, w i l l  be discussed. 
i n t o  two groups: single-phase alad multiphase models. According t o  t h e  former, 
t h e  hydrogen bridges between the  water molecules extend throughout t he  system, 
and t h e  p a r t i a l  disorder t yp ica l  of the l iqu id  s t a t e  i s  caused by l o c a l  dis tor-  
t i o n s  of t he  linkages o r  by rupture of ce r t a in  bonds. 
theor ies  postulates  an order approaching the  perfect  order extending only t o  a 
few, o r  t o  some tens  of water molecules, and imagines close-packed water mole- 
cules  i n  mutual dipole in te rac t ion  and i n  in te rac t ion  with the  c lus t e r s  among 
those held together by hydrogen bonds and exhibiting an ice- l ike s t ructure .  
According t o  experience, both models yield good resu l t s ,  which shows that both 
r e l a t ive ly  w e l l  approach physical r ea l i t y .  
multiphase model i s  used i n  our work. 

Quite recently, Wada (Ref.13) developed a two-phase model on the  bas i s  of a 
p henmenologic thermodynamic theory, w h i l e  N&et hy alad Scheraga ( R e f .  12) derived 
a five-phase model by a s t a t i s t i c a l  mechanics method. 
water only 11close-packed" and 11ice-likell par t s ,  whereas Nemethy and Scheraga, i n  
addi t ion t o  close-packed molecular groups, d i f f e ren t i a t e  between molecule types 
linked by one-, two-, three-, and four-hydrogen bridges. The molecules forming 
t h e  hydrogen bond are present i n  re la t ive ly  large groups containing, on t h e  
average, 20 - 90 molecules. Althoughthe g r o p  does not exhibit t he  ice- l ike 
s t ruc ture ,  it s t i l l  i s  of t he  ice-like type since the  bonds a re  not d i s tor ted  and 
s ince it contains the  maximum possible number of four-coordination molecules 
Between t h e  groups and the  close-packed water portions, steady rearrangement 
takes  place,  and the  average lifetime of a group i s  10-l' sec (Ref .&) The 
mole f r a c t i o n  of t he  bonded water molecules decreases slowly with increasing 
temp erat we. 

Here, only one o r  two points  of t he  theory, of 
The models of water s t ruc ture  can be divided 

The second group of 

Because of i t s  simplicity,  t h e  

Wada distinguishes i n  

L e t  us next study the  formation of r ad ica l  c lus t e r s  i n  %wo-phase water11. 
One c l u s t e r  i s  always formed a s  a primary ionizat ion event i n  the  ambient medium 
containing a few water molecules. 
considered as proportional t o  t h e  electron quotient, t h e  probabi l i ty  of ioniza- 
t i o n  of a molecule bonded i n  an Ilice-likel1 group becomes equal t o  the  y-mole 
f r a c t i o n  of t h e  water molecules i n  the 11ice-phase11. 
reac t ions  take place during the  average l i fe t ime of lo-'' sec of t he  grow 
( R e f  2 5 ) ;  i n  other words, from the  Viewpoint of the  so-called physical and 
chemical threshold of rad ia t ive  chemical conversion (this i s  the  s tep determi- 
ing t h e  primary yields), t he  group can be considered a s  s table .  The large dif-  
ference between the  r ad ica l  yields of i c e  and water indicates  t ha t  it i s  im-  
por tan t  f o r  t he  formation of the  c lus te r  whether t he  rad ica ls  were formed i n  
ice- l ike  o r  close-packed water portions. 
average c lus t e r s  must be expected: one 15ce-like" and one Ilnon-ice-likelf (close- 

Since the  probabi l i ty  of ionizat ion can be 

The majority of t he  r ad ica l  

Thus, i n  water a t  l ea s t  two kinds of 
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packed). The r ad ica l  and molecular yields measured i n  water should therefore  be 
considered as the  weighted average of t h e  two yields, where t h e  weighting factor  
i s  the  mole f r ac t ion  of t he  water molecules found i n  the  ice-like water portion. 
The primary yield of any product can thus be given by t h e  following expression: 

/178 
0 = r9* + (4 - a) 9 ( 1) 

where G i s  t h e  measured average yield, gj' i s  t h e  yield of radiolysis  from the  
ice-like cluster ,  and g i s  t h e  yield of radiolysis  obtained from a Itclose- 
packed" cluster .  

Concentration daendence of t h e  molecular H, yield. The r e su l t  described 
in the  Introduction (Ref.6) can be interpreted as follows by means of a model 
of %wo-phase i r rad ia ted  water": I n  the case of using y-irradiation, t h e  theory 
of r ad ica l  diffusion shows ra ther  accurately t h e  cube root concentration depend- 
ence of t h e  molecular yield ( R e f  .2, 7). 
(Ref.%) used as a basis f o r  these calculations, t h e  concentration of t h e  solu- 
t i o n  never appears alone but always as t h e  k,toc, product, where k,  i s  t h e  rate 
constant of t h e  react ion between t h e  rad ica l  and t h e  solute, c, i s  t h e  concen- 
t ra t ion ,  to i s  the  t i m e  fac tor  characterizing t h e  s i z e  of t h e  cluster .  
result of t h e  numerical calculations based on t h e  theory can thus be given ap- 
proximately by t h e  relationship 

However, i n  t h e  Ganguly-Magee theory 

The 

i n  other  words, by p lo t t ing  G(H,) as a function of c;' a s t ra ight  l i n e  i s  ob- 
tained whose slope i s  proportional t o  (k,t,)Y3. 

The low yield of radicals  measured i n  i c e  suggests t h a t  t h e  c lus te rs  formed 

Accordingly, two average clusters  of d i f fe ren t  s i z e  and thus charac- 
i n  an  ice- l ike s t ructure  are more compact than those formed i n  t h e  close-packed 
s t ruc ture .  
t e r i zed  by different  to m u s t  be expected, which requires obtaining G(H2) as the  
sum of two equations of t h e  form of eq.(2). 
corresponds t o  two s t ra ight  superpositions, i n  f u l l  agreement with Mahlmanfs 
experience. 

I n  graphical representation, this 

Effect of p H  on primary 1y1 'elds. It was demonstrated i n  one of our earlier 
works (Ref .3) that the pH dependence of t h e  primary yields can be described by 
t h e  following equation: 

( 3 ) .  = x c( + (QLX)G 

where x i s  t h e  probabi l i ty  of t h e  electron capture of t h e  H,O+ ions;  i t s  value 
increases  with decreasing pH between 0 and 1. 
a neu t r a l  solut ion and G' t h a t  i n  a strongly acid solution. 
t h e  structure of water, both G and G' can be given by equations of t h e  type of 
eq.(l). Since t h e  fac tor  x i s  a function of t h e  s i z e  of t h e  clusters ,  eqs.(l)  
and (3) can be combined i n t o  t h e  following equation 

Here, G i s  t h e  yield obtained i n  
Considering a l so  



where the  symbols with an a s t e r i sk  re fer  t o  the  llice-like11 c lus te rs ,  w h i l e  t he  
symbols w i t h  a prime r e fe r  t o  the  strongly acid media. 

For neut ra l  water, i .e. ,  a t  x = x'~ = 0, eq.( l )  i s  obtained, w h i l e  f o r  
strongly acid solutions (x = x'$ = 1) the following analogous equation 

.- 

i s  obtained from eq.(k). 
capture of t he  €&O' ions depends on t h e  c lus t e r  s ize ,  i.e., assming  t h a t  x = 
= 

Disregarding the  f a c t  that t h e  probabi l i ty  of e lectron 

eq.(4) i s  transformed i n t o  eq.(3). 

It can be seen that the  forms of eqs . ( l )  and (3) a re  completely ident ica l .  
The two weighting fac tors  y and x, however, d i f f e r  considerably i n  t h e i r  physical  
meaning. I n  water with a s t ructure ,  two kinds of average c lus t e r s  are formed 
with t h e i r  numerical r a t i o  given by y e  The simple yields g" and g a t t r ibu ted  
t o  t h e  various types of c lus te r  r ea l ly  exist, and t h e i r  combination according 
t o  y has a physical  meaning. 
not cause the  appearance of a new c lus te r  type, but uniformly a f f ec t s  t he  r ad ica l  
d i s t r ibu t ion  of a l l  c lus te rs .  
mentary y ie lds  and t h e i r  combination according t o  x can be considered only as a 
mathematical approximation [see a l so  (Ref .3) 1 

On t h e  other hand, t he  presence of H3@ ions does 

Therefore, t h e  separation of t h e  G and G' ele- 

Effect of temperature. In a low-concentration solution, y does not depend 
I n  the  in t e rp re t a t ion  of the  on t h e  concentration but only on the  temperature. 

temperature e f fec t ,  it was established that g" and g a re  independent of tem- 
perature.  The measured p a r t i a l  d i f f e r e n t i a l  quotient of t he  yield,  according 
t o  temperature, f o r  neut ra l  water is  as  follows: 

I n  a s t rongly acid solution, we obtain completely s imilar ly:  

4. Calculation of t h e  Temerature Dependence of t h e  Radical Yields 

Hochanadel and Chormley (Ref .5) determined t h e  temperature dependence of 
t h e  primary y ie lds  i n  an acid medium. 
eq.(?). 
from t h e  point of v iew of rad ia t ion  chemistry as the  ~Iice-like" groups of l iquid 
water, and b) t h e  i c e  matrix i s  a rad ica l  t r ap  of t he  same effectiveness a s  the  
ions  dissolved i n  water. 

Their results are compared here with 
For the  purpose of our calculations it i s  assumed t h a t  a) i c e  behaves 

The three quant i t ies  on the  right-hand 
The mole f r ac t ion  of t h e  

Wadats 
following manner: 
taken from a two-phase water model. 

s ide  of eq.(?) are obtained i n  the  
~lice-likell water molecules must be 
theory (Ref .13) gives the  y-value 
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up t o  10°C i n  s teps  of one degree and, between 10 and 2OoC, i n  s teps  of every 
f i v e  degrees. 
Scheraga (Ref .12) a re  accepted; these calculations give t h e  y-values between 0 
and 100°C at 10-degree in te rva ls .  
phase model; the  water molecules of  the three  and four coordination are con- 
sidered t o  be i n  the  15ce-like11 structure.  Simultaneous application of t he  two 
theories  i s  permitted by t h e  f a c t  that between 0' and 2OoC, t he  temperature co- 
e f f i c i e n t  of y i s  obtained as an iden t i ca l  value from the  two theories  t o  an 
accuracy within U. 

For higher temperatures, t h e  theo re t i ca l  data  by N6methy and 

The latter model, as mentioned, i s  a five- 
/l80 

It has been mentioned that, according t o  our knowledge, t he  r ad ica l  yield 
of frozen acid solutions has never been determined as & . P K ,  at  which the  H atoms 
usually are stable. 
of t h e  measurement of g"t' .  
may be due t o  the  looser atom dis t r ibu t ion  i n  the  acid medium. 
by Dyne and Kennedy (Ref.15) show t h e  y ie lds  t o  vary almost l inear ly  with the  
radius of d i s t r ibu t ion  of t he  H atoms. Therefore, t he  following relat ionship 
exists approximately : 

Therefore, this yield cannot be given d i r e c t l y  on the  basis 
However, the greater  value of g3:' with respect t o  g* 

The calculations 

which, together with eqs.(l)  and (5), yields a simple system with three  un- 
knowns . The G, G' , and d" a re  measured values, with t h e  first two taken from 
t h e  paper by Hart and Platzman (Ref.17) and t h e  last from the  paper by Siege1 
e t  a l .  (Ref .8). The d i f f e r e n t i a l  quotients of eq.( 7) are approximated by the  
d i f f e r e n t i a l  quotients of the  examined temperature range. 

Table I contains the  data used i n  t h e  calculations,  w h i l e  Table I1 gives 
the  measured and calculated values of the temperature coeff ic ients  of the  r ad ica l  
yields . 
5 . Considerations on the  Validity Emit of t h e  

Radical Diffusion Theom 

Considering the  extensive e r rors  occurring i n  paramagnetic resonance 
measurements and the  highly approximate nature of our calculations,  t he  calcu- 
l a t ed  temperature coeff ic ients  of t he  OH r ad ica l  y ie ld  show f a i r l y  good agree- 
ment with the  measured values. The s i tua t ion  i s  of ten l e s s  favorable f o r  the 
H atoms, where an agreement t o  only within one order of magnitude can be ob- 
ta ined.  
draw extensive conclusions from this fac t .  However, it is  possible tha t ,  ac- 
cording t o  our present knowledge, t h e  oxidizing agent formed i n  i r rad ia ted  water 
i s  a c t u a l l y  an OH r ad ica l  (Ref.l .8) and no doubt i s  formed i n  c lusters ,  whereas 
t h e  reducing agent may appear i n  two forms, a s  a H atom and a s  a hydrated elec- 
t r o n  ( R e f  .l9), with t h e  lat ter type probably reacting i n  a homogeneous dis t r ibu-  
t i on .  Thus, t he  model of r ad ica l  diffusion de f in i t e ly  gives a more r e a l i s t i c  
p i c t u r e  of t h e  reactions of OH radicals  than  of t h e  reactions of t he  reducing 
agent 

The avai lable  data a re  too few, and our calculations a re  too rough, t o  

On t h e  other hand, t he  temperature a f f e c t s  t he  qual i ty  as wel l  as  the  yield 
of t h e  primary products. 

6 
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kinds: 
su l t i ng  excited water molecule decomposes i n t o  H and OH rad ica ls  (a) - this i s  
the  hypothesis of the  theory of rad ica l  diffusion - or  it migrates from the  
force f i e l d  of the  ion and becomes hydrated 
a c t s  with the  neighboring water molecule (b j  . 
presented by the  following equations 

It i s  e i the r  recaptured by the pos i t ive  parent molecule ion  and the  re- 

after which the  remaining H,O+ re- 
The two p o s s i b i l i t i e s  a r e  re- 

The probabi l i ty  of t h e  process (a) i s  equal t o  t h e  probabi l i ty  of re- 
capture of t he  thermolyzed electron.  
s i t e  of thermolysis, the  probabi l i ty  of t h e  recapture i s  

If the  electron has an energy e a t  t he  

The value of W agrees with the  quotient GH found by %,bani and Ste in  
Ge- + GH 

(Ref.19b) t o  be 0.172. 
t h e  value of e at  T = 300'K w i l l  be 7.9 X lrI5 erg. 
t h i s  i s  the  energy of t h e  thermolyzed electron i n  the  Coulomb f i e l d  of t h e  
pos i t i ve  ion. 

By subst i tut ing this on the  left-hand s ide  of eq.(9), 
Thus, at  room temperature 

Assuming t h a t  t he  value of e does not vary with temperature, the  value of W 
increases  exponentially with decreasing temperature and becomes W = 1.000 at  
T = 4.2'K. 
place exclusively, and only H atoms with inhomogeneous d i s t r ibu t ion  are formed. 
[ O u r  a s s q t i o n ,  according t o  which c is  only s l i g h t l y  dependent on temperature, 
can be substantiated as follows: The e l ec t ros t a t i c  energy of t he  electron de- 
pends on t h e  product of t he  d i e l ec t r i c  constant and the  distance measured from 
t h e  pos i t i ve  ion. According t o  FrEjhlich and Platvnan (Ref .20) ,  t he  distance in- 
creases with an increase i n d i e l e c t r i c  re laxat ion time; according t o  t h e  theory 
of d i e l e c t r i c s  (Ref .21), the  d i e l ec t r i c  constant decreases. 
l axa t ion  time depends grea t ly  on the  temperature (Ref.22), t h e  energy w i l l  s t i l l  
show only a s l i g h t  temperature dependence.] 

I n  other words, at such a low temperature the  process ( a )  takes 

Although the  re- 

These r e s u l t s  agree qual i ta t ively very w e l l  with experience. It has been 
general ly  known t h a t  t h e  yields  of radiolysis  of aqueous solutions exhibi t  a 
considerable isotope e f f ec t  at  room temperature. ossible  t o  in t e rp re t  
tEs phenamenon by t h e  theory of rad ica l  diffusion (Ref.15 7 since the  var ia t ion  
i n  the  isotope composition of t he  medium changes the  constants of diffusion and 
reac t ion  rate of the  rad ica ls  exactly i n  a mutually compensating manner. 
e t  a l .  (Fkf.3) were unable t o  demonstrate an isotope e f fec t  i n  i c e  i r rad ia ted  
a t  4.2'K; this indicates  that, under the conditions of t h e i r  measurement, t he  
hypotheses of t he  r ad ica l  diffusion theory correspond exactly t o  physical  
r e a l i t y .  

It i s  i 

Judeikis 
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The data used i n  the  calculations: 

Calculated and measured temperature coeff ic ients  of t h e  
yields of radicals .  

Thus, i n  the  first pa r t  of our work, t he  e r ro r  committed was not so much 
due t o  t h e  f a c t  that t h e  rad ica l  diffusion model was considered valid f o r  i c e  
without r e s t r i c t i o n  but t o  the  f a c t  that this was done f o r  water. 
l a t i o n  of t he  temperature coefficients,  however, this er ror  i s  negligible. 
bas i ca l ly  nothing else was used than t h e  measured values of t h e  rad ica l  yields 
and t h e  two theories  of t he  water structure.  The numerical agreement, i f  t h i s  
can be used as a proof a t  a l l ,  confirms only the  f a c t  that, i n  l iquid water, we 
must t ake  i n t o  consideration molecular g r o q s  which show a behador  similar t o  

8 

I n  t h e  calcu- 
There, 
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t h a t  of i c e  from t h e  Viewpoint of radiochemistry. 
be considered as a proof f o r  the  theory of rad ica l  diffusion, but - exactly 
because of t h e i r  semi-empirical nature - they are i n  agreement with t h e  mechanism 
of the  radiolysis  of water according t o  Platzman (Ref .a). 

Thus, our calculations cannot 
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